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The Plasma Induced R e a c t i o n  of  Hydrogen S u l f i d e  w i t h  Hydrocarbons 

F. J. V a s t o l a  and W. 0. S t a c y  

Department of F u e l  S c i e n c e  
The P e n n s y l v a n i a  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  P a r k ,  Pa.  

I n t r o d u c t i o n  I 

The i n t e r a c t i o n  of s u l f u r  w i t h  hydrocarbons under a range  of e x p e r i m e n t a l  
c o n d i t i o n s  h a s  been i n v e s t i g a t e d  by v a r i o u s  workers .  Knight and co-workers1 re-  
a c t e d  e x c i t e d  s u l f u r  a toms,  produced by ' i n  s i t u '  p h o t o l y s i s  of  COS a t  25OoC, with 
a range  of p a r a f f i n i c  hydrocarbons  and found as pr imary  p r o d u c t s  o n l y  t h e  c o r r e -  
ponding mercaptans.  Bryce and Hinsnelwood2 s t u d i e d  t h e  r e a c t i o n  of s u l f u r  vapor 
w i t h  p a r a f i n n i c  hydrocarbons  i n  t h e  t e m p e r a t u r e  range  320°C t o  349°C and observed 
t h a t  t h e  pr imary p r o d u c t s  were hydrogen s u l f i d e  and u n s a t u r a t e d  hydrocarbons.  
Study o f  t h e  r e a c t i o n  of s u l f u r  and methane 3-7 o v e r  a ca t a lys t  a t  500°C t o  7OO0C 
has  shown t h e  p r o d u c t s  t o  b e  carbon d i s u l f i d e  and hydrogen s u l f i d e  a c c o r d i n g  t o  
t h e  r e a c t i o n  

CH4 + 2S2 -+ CS 2 + 2H2S. (1) 

Thomas and S t r i c k l a n d - C o n s t a b l e 8  s t u d i e d  t h e  i n t e r a c t i o n  of  s u l f u r  and hydrocarbons 
a t  t e m p e r a t u r e s  1200.OK t o  1500'K and i n  t h e  absence  of a c a t a l y s t  observed  no carbon 
d i s u l f i d e  format ion .  With a c a t a l y s t ,  however, t h e  r e a c t i o n  proceeded y i e l d i n g  
carbon d i s u l f i d e ,  hydrogen s u l f i d e ,  and hydrogen; r e a c t i o n s  s imi la r  t o  (1) f o r  
methane,  above  1200°K, b e i n g  i n c r e a s i n g l y  superseded  by t h o s e  similar t o  (2 ) :  

CH4 + S + CS2 + 2H2* 2 

Repor ted  now are some r e s u l t s  of  a s t u d y  of  t h e  r e a c t i o n s  of e x c i t e d  a tomic  
s p e c i e s ,  g e n e r a t e d  by t h e  d i s s o c i a t i o n  of hydrogen s u l f i d e  i n  a plasma j e t ,  wi th  
methane and neopentane.  

9 This s t u d y  was s u g g e s t e d  by an  ear l ier  i n v e s t i g a t i o n  o f  V a s t o l a  and co-workers 
i n t o  t h e  r e a c t i o n  between carbon and t h e  p r o d u c t s  o f  water vapor  microwave d i s c h a r g e ,  
where i t  w a s  observed t h a t  t h e  p r e s e n c e  o f  carbon downstream i n h i b i t e d  t h e  recom- 
b i n a t i o n ,  t o  e i t h e r  oxygen or water, o f  t h e  a c t i v e  a t o m i c  s p e c i e s .  I n s t e a d ,  t h e  
a c t i v e  oxygen r e a c t e d  p r e f e r e n t i a l l y  wi th  carbon.  

Exper imenta l  Procedure  

The plasma r e a c t o r  i s  shown i n  F i g u r e  1. The r e a c t o r  c o n s i s t s  of  a 1 0  x 0.75 
i n c h  f u s e d  q u a r t z  t u b e .  The g a s  t o  be brought  t o  t h e  plasma s t a t e  is  in t roduced  
t a n g e n t i a l l y  upstream from t h e  o u t p u t  c o i l  of  a 1 . 2  KW, 120 MHz RF i n d u c t i o n  h e a t e r .  
Ihe s p i r a l i n g  motion impar ted  by t h e  t a n g e n t i a l  i n p u t  i n c r e a s e s  t h e  d w e l l  t ime of  
t h e  g a s  i n  t h e  plasma zone. The hydrocarbon g a s e s  t o  b e  r e a c t e d  w i t h  t h e  plasma 
d i s s o c i a t i o n  p r o d u c t s  a r e  i n t r o d u c e d  down stream from t h e  plasma f lame.  
t h e  hydrocarbon f e e d  t u b e  t h e  d i s t a n c e  between t h e  plasma f lame and t h e  p o i n t  of 
hydrocarbon i n t r o d u c t i o n  can  b e  v a r i e d .  

By moving 

TO i n i t i a t e  t h e  p l a s m a  d i s c h a r g e  a rgon  is passed  through t h e  reactor (0.5 C U  

f t / h r ,  1 Atm) and a g r a p h i t e  r o d  is  p l a c e d  i n  t h e  i n d u c t i o n  f i e l d .  
g r a p h i t e  r o d  s tar ts  t h e  d i s c h a r g e  i t  i s  removed and t h e  g a s  f e e d  is s w i t c h e d  t o  t h e  
d e s i r e d  H2S-Ar mixture .  Mass s p e c t r o m e t r i c  g a s  a n a l y s e s  were made b e f o r e  and a f t e r  
t h e  r e a c t i o n .  

A f t e r  t h e  hea ted  
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R e s u l t s  and Di scuss ion  

When hydrogen s u l f i d e  is i n t r o d u c e d  i n t o  an  a rgon  plasma condens ing  e l emen ta l  
s u l f u r  produces a dense  f o g  dovns t ream from t h e  plasma flame. A s  t h e  amount o f  
nydrocarbon t h a t  i s  i n t r o d u c e d  i n t o  t h i s  r eg ion  is  i n c r e a s e d  t h e  e l e m e n t a l  s u l f u r  
p roduc t ion  dec reases  t o  a p o i n t  where i t  can no l o n g e r  b e  observed .  With l a r g e  
e x c e s s e s  o f  hydrocarbon t h e  c o l o r  of t h e  plasma f lame changes from b l u e  t o  orange  
due t o  back d i f f u s i o n  o f  t h e  hydrocarbon.  

T a b l e  1 g ives  t h e  r e a c t a n t  and p roduc t  c o n c e n t r a t i o n s  f o r  r e a c t i o n s  of  d i s -  
s o c i a t e d  liydrogen s u l f i d e  w i t h  methane and neopentane .  With t h e  excep t ion  of run  
number 3 t h e  o n l y  gaseous  p r o d u c t s  d e t e c t e d  were hydrogen s u l f i d e ,  un reac ted  hydro- 
ca rbon ,  carbon d i s u l f i d e ,  and hydrogen. 

Tab le  1 
Reac tan t  and Product  Analyses  

Reac tan t  Mixture  P roduc t s  
Composition Mole % Composition Mole % 

RUXI 
No. Reac tan t s  HC H2S h K  HC H2S H2 CS2 C2H2 AK 

1 H2S, CH4 6.4 1 7 . 6  76 .5  2.2 4.5 1 8 . 5  3.8 0 70 .1  
2 I, 6.4 17 .6  76.5 4 . 3  6.7 13.4 1 . 6  0 71.1 
3 11 25.5  9 .9  64.7 13.0 1.3 21.9 3.5 3.0 57.8 

5 11 1 5 . 3  14 .9  70.2 13.4 4.8 12 .9  2.8 0 70.0 
4 H2S, C5Hl2 1 5 . 3  1 4 . 9  70.2 11.0 0 .7  1 8 . 1  3.9 0 69.7 

The fo l lowing  s t o i c h i o m e t r y  would be expec ted  f o r  t h e  r e a c t i o n  of methane: 

2H2S + CH4 -+ CS2 + 4H2. (3)  

I n  r u n  number 3 t h e  a c e t y l e n e  was produced by t h e  back d i f f u s i o n  o f  methane i n t o  t h e  
p lasma r e g i o n .  

The s t o i c h i o m e t r y  € o r  t h e  neopentane  r e a c t i o n  would be  

lOH2S + C5H12 -f 5cs2 + l6HzS. (4 )  

The r e a c t i o n s  o f  neopen tane  were performed w i t h  a l a r g e  excess  o f  hydrocarbon wi th  
t h e  hope of d e t e c t i n g  s u l f u r  i n s e r t i o n  compounds O K  r e a c t i o n  i n t e r m e d i a t e s .  How- 
ever, hydrogen and ca rbon  d i s u l f i d e  were t h e  o n l y  gaseous  s p e c i e s  produced. This  
i n d i c a t e s  t h a t  once  t h e  neopen tane  reacts w i t h  one  s u l f u r  atom i ts  r e s i s t a n c e  t o  
f u r t h e r  r e a c t i o n  is lowered .  

Tab le  2 shows t h e  v a r i a t i o n  of r e a c t a n t  decomposi t ion  w i t h  changes  o f  hydrogen 
s u l f i d e  t o  hydrocarbon f low r a t i o  and plasma-hydrocarbon i n j e c t i o n  d i s t a n c e .  From 
T a b l e  2 i t  can b e  s e e n  t h a t  t h e  e x t e n t  o f  hydrogen s u l f i d e  decomposi t ion  i s  a 
f u n c t i o n  o f  t h e  amount o f  hydrocarbon p r e s e n t  downstream from t h e  plasma flame and 
t h e  d i s t a n c e  from t h e  f l ame  t h a t  t h e  hydrocarbon i s  in t roduced .  t h e  h i g h e s t  decom- - 
P o s i t i o n ,  9 5  p e r  c e n t ,  o c c u r r i n g  i n  r u n  number 4 w i t h  a n  approx ima te ly  ten f o l d  excess  ’ 
Of neopentane  i n t r o d u c e d  1 / 4  i n c h  from t h e  flame. The f i g u r e s  f o r  t h e  decomposition ’ 
Of hydrogen  s u l f i d e  t end  t o  b e  m i s l e a d i n g ,  t h e  hydrocarbon a d d i t i o n  does  n o t  change 1 
t h e  d e g r e e  of d i s s o c i a t i o n  of t h e  hydrogen s u l f i d e  bu t  r a t h e r  it r e a c t s  w i th  t h e  
a t o m i c  s u l f u r  minimiz ing  fo rma t ion  o f  hydrogen s u l f i d e  by t h e  recombina t ion  of t h e  I 
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Table  2 
Experimental  V a r i a b l e s  and Xeact ion  Conversion E f f i c i e n c i e s  

HC i n l e t  
Flow d i s t a n c e  Conversion of  decomposed 

Run ra te  from Reactan t  r e a c t a n t s  t o :  
- NO. R e a c t a n t s  ( t o t a l )  HZS/HC plasma decomposi t ion  CS? H? - 

* H2S HC H2S I H C  & S  + HC 
c . f . h .  i n c h e s  % % -%- x % 

1 H2S, CH4 0.14 2.75 114 72 6 3  65  *lo0 %lo0 
2 I, 0.14  2.75 1 59 28 3 3  1.100 %lo0 
3 , I  0 . 3 3  0.39 114 8 5  4 3  9 3  36 81 

4 HzS, CgH12 0 .25  1 . 0 3  1 / 4  95  28 55. 19  46 
5 I ,  0.25  1.03 1 68 1 2  56 30 61 

* 
cu f t / h r .  

a tomic  hydrogen and s u l f u r .  The d a t a  on e x t e n t  of  c o n v e r s i o n  t o  hydrogen and 
carbon d i s u l f i d e  i n  T a b l e  2 show t h a t  i n  r u n s  1 and 2 e s s e n t i a l l y  a l l  o f  t h e  
carbon from t h e  decomposed methane is  c o n v e r t e d  i n t o  carbon d i s u l f i d e  and t h e  
hydrogen i n t o  molecular  hydrogen. I n  r u n  number 3 the a c e t y l e n e  produced a c c o u n t s  
f o r  t h e  m i s s i n g  carbon and hydrogen. 
t h e  neopentane  t h a t  w a s  decomposed w a s  conver ted  i n t o  a s o l i d  p r o d u c t .  

I n  r u n s  number 4 and 5 a l a r g e  f r a c t i o n  of  

T a b l e  2 a l s o  shows t h e  p e r c e n t a g e  o f  t h e  s u l f u r ,  r e s u l t i n g  from t h e  decom- 
p o s i t i o n  of  the hydrogen s u l f i d e ,  t h a t  is  conver ted  i n t o  carbon d i s u l f i d e ;  the 
remainder  o f  t h e  s u l f u r  a p p e a r s  as e l e m e n t a l  s u l f u r  ( r u n s  1-3) o r  can  b e  incor -  
p o r a t e d  w i t h  t h e  carbon-hydrogen polymer ic  s o l i d  t h a t  i s  produced i n  t h e  r u n s  
us i n g  neopentane  . 

These r e s u l t s  i n d i c a t e  t h a t  hydrogen s u l f i d e  can  b e , c o m p l e t e l y  d i s s o c i a t e d  by 
an  e l ec t r i c  d i s c h a r g e  and t h e  e x c i t e d  a tomic  hydrogen and s u l f u r  g e n e r a t e d  can  be 
r e a c t e d  w i t h  hydrocarbons  t o  produce m o l e c u l a r  hydrogen and c a r b o n  d i s u l f i d e .  
Under c o n d i t i o n s  which minimize back d i f f u s i o n  o f  t h e  hydrocarbon i n t o  t h e  e l ec t r i c  
d i s c h a r g e  s u b s t a n t i a l l y  comple te  c o n v e r s i o n  of  t h e  hydrogen s u l f i d e  and hydrocarbon 
t o  hydrogen and carbon d i s u l f i d e  can  b e  e f f e c t e d .  
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